This study aimed to evaluate the fertiliser sources and application methods of copper (Cu) in citrus trees during the first years of fruit production. Two experiments were set up in an orchard with 3-year-old sweet orange trees, which were applied with three sources of Cu (nitrate, sulfate or EDTA) either via fertigation (Experiment 1) or via foliar sprays (Experiment 2). 
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The demand for micronutrients by citrus trees increases in high yielding orchards. In this context, gains in fruit yields are possible in production systems that include (i) advanced soil management strategies for orchard establishment; (ii) improved tree planting densities; and adjusted (iii) phytosanitary management; (iv) fertilisation as a function of canopy and rootstock combination, and (v) nutrient doses applied in non-irrigated or irrigated areas ; .
Copper (Cu) deficiency in citrus is commonly observed in non-bearing trees, during the first years after orchard establishment due to the increase in plant vigour by applications of high rates of nitrogen-containing fertilisers, as well as by the low application of copper-based pesticides Hippler et al. 2016; Hippler et al. 2017) . Visual symptoms of Cu deficiency are characterised by plant growth with less lignified tissues of new plant parts, enlarged and S-shaped twigs and over-developed leaf blades with protruding veins on the underside (Camp 1938) .
Foliar application is the main method used to supply metal micronutrients [Cu, manganese (Mn) and zinc (Zn)] in citrus. Such application is necessary, due to the low mobility of these nutrients in the phloem of every new vegetative flush and, consequently, their poor redistribution through the plant (Boaretto et al. 2003; Hippler et al. 2016; Hippler et al. 2017) . Conversely, micronutrient application via fertigation can be split into several doses, which allows deficiencies or nutritional excesses in the orchards to be corrected during the plant growth (Zekri and Koo 1992) . Additionally, under tropical soil conditions, the practice of fertigation enhances soil acidification in the wetting bulb, which likely increases the availability of Cu in the soil solution and favours the absorption of the metal by roots . Therefore, knowledge about the most appropriate fertiliser source and the application method are important to increase the efficiency of Cu utilisation and, hence, maximise the development and production of citrus.
This study aimed to evaluate the effects of application methods and Cu fertiliser sources on the nutritional status and fruit yield of young citrus trees. Therefore, two experiments were performed in a commercial orchard of sweet orange trees [Citrus sinensis (L.) Osb. 'Pera'] grafted onto Sunki mandarin (C. reshni hort. ex Tanaka) and fertigated by a single drip line with 0.6 m spaced drippers and a flow rate of 7.l L‧h -1 . Irrigation was scheduled every 2 days and the amount of water applied was determined by measuring the evaporation using a Class A pan, the potential evapotranspiration and the crop evapotranspiration obtained, according to Allen et al. (1998) (Abreu et al. 1998) . Adsorption curves for Cu in the soil were performed, according to Hippler et al. (2014) , based on the Langmuir adsorption isotherm (Bradl 2004 , which were applied either via fertigation (Experiment 1) or foliar sprays (Experiment 2). A Control treatment, common to both experiments, consisted of zero Cu application. Two years after beginning the study, phytosanitary management of the citrus orchard with copper-based pesticide sprays (Behlau et al. 2017 ) was conducted in all the experimental area. The experiments were established in a randomised block design, with four treatments and five blocks, with one replicate per treatment in each block. Individual plots comprised a line of 16 trees, with the 10 central trees considered for evaluation of treatment effects. Both experiments were done in the same area and the Cu treatment applications started in the third year after the orchard establishment. The experimental evaluations were performed in the following three years.
Copper applications in all treatments (except the Control trees) totalled 5 kg.ha -1
.yr -1 of Cu. In Experiment 1, the Cu sources were applied via fertigation in a total of 20 applications per year (0.4 kg.ha -1 of Cu per application), between August (late Fall) and April of the subsequent year (Summer). In Experiment 2, the applications were performed in the same period as the first experiment but with 4 -5 foliar sprays per year (1 -1.25 kg.ha -1 of Cu per application), according to Quaggio et al. (2010) . Orchard fertilisation, with the exception of Cu, followed the recommendations of Quaggio et al. (2010) .
For both experiments, soil and leaves were sampled every year by the end of the Summer (March-April). In the 3 years of experimental evaluations, soil samples were collected from the 0 -20 cm soil depth layer. Additionally, in the first and third years, such samples were also collected from the 20 -40 cm soil depth layer. We used DTPA-TEA (pH 7.3) as the nutrient extractor (Abreu et al. 1998) to determine the Cu availability in the soil. Leaf samples were collected, as described by Mattos Jr. et al. (2017) and Cu concentration in the dry mass was determined according to Bataglia et al. (1983) by plasma emission spectrometry (ICP-OES, Perkin-Elmer 5100 PC, Norwalk, CT, USA).
Fruit yield (kg/tree) was evaluated in all 3 years, by harvesting fruits of the 10 central plants of the experimental plots. In the first and third years, fruit quality was assessed by sampling five oranges per tree, in a total of 50 fruits.plot -1 , to determine fresh weight, height and width, juice acidity, soluble solids (SS) (°Brix), SS/acidity ratio and SS yield/40.8 kg box, according to Redd et al. (1992) .
In Experiment 1, Cu concentration in the soil was higher when applied via fertigation as a nitrate source in the first and the third years at the 0 -20 cm depth (Figure 1 ), as well as in the third year at 0 -40 cm depth layer (5.7 mg.dm -3 ) compared to the other treatments (4.1 mg.dm -3 ; p < 0.05; data not shown). Regardless of the fertiliser source, the application of Cu via fertigation did not increase the micronutrient level in leaves (Figure 1) . Similarly, application of Cu-EDTA via fertigation in a sandy soil (pH 6.0) in Florida was not effective to increase the micronutrient levels in citrus leaves but was efficient for iron, Mn and Zn (Zekri and Koo 1992) .
In this study, the absorption of Cu by roots was not likely limited by interactions between the micronutrient with the soil colloids due to the low K L value (0.037 L.kg -1 ) estimated by the Langmuir isotherm (Mouta et al. 2008; Hippler et al. 2014) , as well as the low content of organic matter in the soil (23 g.dm -3 ). Furthermore, despite the high b L value (703.2 mg.kg -1 ) for Cu in the soil of the present study, the accumulation of this micronutrient due to frequent additions causes adsorption sites to become more saturated, which reduces the affinity of the soil for the metal, in turn, increasing its concentration in solution and, consequently, its availability to the plants (Mouta et al. 2008) . However, when Cu is taken up by roots, nutrient partitioning occurs mainly into the root tissue, which accounts for 60 -80% of the total micronutrient content in the plant (Hippler et al. 2016) . A similar pattern is observed for other micronutrients, such as Zn (Hippler et al. 2015) but not boron (Boaretto et al. 2003) .
In Experiment 2, the Cu concentration increased up to 7.0 mg.dm -3 in the soil (0 -20 cm depth layer) when applied as sulfate, via foliar sprays, in the second and third years of evaluation (Figure 2) . However, no differences were verified in the Cu concentrations in soil at the 20 -40 cm depth layer (3.0 -4.0 mg.dm -3 Cu) in the first and third years (data not shown). Although Cu is not tightly bound to soil, this metal showed no significant concentration change in the 20 -40 cm layer, as also observed for boron . Furthermore, the Cu levels in leaves increased after application of Cu-nitrate in the first and second years (Figure 2) . Although Cu-nitrate and -sulfate fertiliser sources are highly water-soluble, the accompanying ion influences the absorption of the metal by the leaf surface. For instance, when applied as the nitrate source, Cu absorption by leaves was higher compared to the sulfate source, as also verified for Zn and Mn (Boaretto et al. 2003) . Moreover, when applied as the sulfate source, Cu might be easily washed out from the canopy by rainfall events and reach the soil surface (Fan et al. 2011) , as evident from the increased Cu levels in the soil (0 -20 cm depth layer; Figure 2 ). Application of Cu-EDTA increased the micronutrient concentration in the citrus leaves but did not affect soil concentration compared to the Control treatment (Figure 2) . The foliar application of Cu as nitrate source, provided the highest micronutrient content in the leaves in the first and the second year of evaluations (Figure 2 ), causing plant phytotoxicity that was verified by visual symptoms of leaf injury (Figure 3 ). These symptoms were characterised by the presence of chlorotic leaves that were necrotic at the border as a result of salt accumulation (Figures 3a,b) , which caused severe leaf fall (Figures 3c,d ). The deleterious effect of salt accumulation and consequent leaf drop-off from trees that received the Cu-nitrate as a foliar application, reduced fruit yield by approximately 40% compared to the other treatments in the second year of evaluation (Figure 2) . However, the toxicity symptoms were not observed in the plant growth of the following year.
Copper levels increased in soil (0 -20 cm) and leaves in both experiments in the third year, compared to the second year, when the phytosanitary management with copper-based pesticides application started (p < 0.05; Figures 1 and 2) . Frequent spraying of copper-based pesticides in citrus orchards is required to control leaf and floral diseases, such as post-bloom fruit drop, Alternaria brown spot, black spot and citrus canker (Silva Jr. et al. 2016; Behlau et al. 2017 ). However, copper-based pesticides deliver Cu in an insoluble form, such as copper hydroxide or oxychloride (Behlau et al. 2017) , which may hinder the metal uptake by plants (Boaretto et al. 2003; Favaro et al. 2017) .
Copper concentration in fruits was quantified in the first year, but no differences were observed in Experiment 1, with Cu sources applied via fertigation (data not shown). In contrast, in Experiment 2, the Cu levels in fruits increased from 1.6 mg.kg -1 in Control plants to 3.2 and 3.0 mg‧kg -1 when foliar was sprayed as sulfate and EDTA, respectively, and to 6.1 mg.kg -1 when applied as nitrate (p < 0.05; data not shown). Furthermore, the application of Cu reduced the SS/acidity ratio (Ratio in Table 1 ) of fruits in the first year (Table 1) , regardless of the fertiliser source or the application method (fertigation or foliar), which is likely explained by the delay of fruit maturation compared to the Control trees (Quaggio et al. 2006) . The foliar application of Cu, as nitrate and sulfate, in comparison to the Control plants, reduced the fruit weight in the third year but increased the (Table 1) , in agreement with the observations , whereby, smaller fruits tended to exhibit a higher SS concentration than their larger counterparts.
Application methods

Cu Fertilisers
Mass
Copper supply via fertigation is not effective to increase the levels of Cu in the leaves of young citrus trees. Foliar application of nitrate and sulfate sources of Cu are more efficacious to increase the foliar levels of the nutrient than Cu-EDTA. However, young trees with foliar application of soluble sources are prone to exhibit symptoms of salt toxicity, which results in fruit yield losses. After initiating the phytosanitary management with frequent application of copper-based pesticides, there is no need to apply fertiliser sources containing Cu.
